Abstract -The objective of this work was to evaluate the carbon isotope fractionation as a phenomic facility for cotton selection in contrasting environments and to assess its relationship with yield components. The experiments were carried out in a randomized block design, with four replicates, in the municipalities of Santa Helena de Goiás (SHGO) and Montividiu (MONT), in the state of Goiás, Brazil. The analysis of carbon isotope discrimination (Δ) was performed in 15 breeding lines and three cultivars. Subsequently, the root growth kinetic and root system architecture from the selected genotypes were determined. In both locations, Δ analyses were suitable to discriminate cotton genotypes. There was a positive correlation between Δ and seed-cotton yield in SHGO, where water deficit was more severe. In this site, the negative correlations found between Δ and fiber percentage indicate an integrative effect of gas exchange on Δ and its association with yield components. As for root robustness and growth kinetic, the GO 05 809 genotype performance contributes to sustain the highest values of Δ found in MONT, where edaphoclimatic conditions were more suitable for cotton. The use of Δ analysis as a phenomic facility can help to select cotton genotypes, in order to obtain plants with higher efficiency for gas exchange and water use.
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Introduction
Cotton is one of the most important fiber crops, grown in 35 million hectares in the tropical and temperate latitudes, from 47°N in Ukraine and 37°N in the United States to 32°S in South America and Australia . In Brazil, about 1.2 million hectares are annually grown with cotton, approximately 90% of which is located in the Cerrado region -the Brazilian savanna biome (Companhia Nacional do Abastecimento, 2013) . In this biome, the water deficiency occurrence is a common event from March to May, particularly during cotton reproductive final phase for those sowing carried out at December named by farmers as the "first growth season". For those sowing procedures fulfilled until final January (second growth season), the risks of a severe occurrence of water deficit are very much increased for cotton initial reproductive phase. In most of these areas, water deficit historically initiates in March and intensifies in April, coinciding with cotton first flowering emission and early cotton boll development phase, when cotton plant demand for water is significantly increased (Belot & Campelo Júnior, 2010) . In the last three growth seasons (2009-2010, 2010-2011 and 2011-2012) , lint yield was reduced by approximately 30%, due to the occurrence of water deficiency during the reproductive phase in the second growth season areas. Therefore, the development of tools and approaches for cotton phenotyping is an important first step in any breeding program aiming at the selection for plants with more yield components stability or water use efficiency (WUE) under unfavorable conditions (Lopes et al., 2012; Pask & Reynolds, 2013) .
Different breeding methods and selection approaches have been used for this purpose, involving progeny rows, individual selection, crossing and backcrossing, physiology, and molecular marker approaches (SNP, SSR, AFLP, large-scale sequencing etc.) for mapping and genetic association studies (Tuberosa et al., 2011) . However, for the selection of plants with high-performing yield components, when plants are grown under unfavorable conditions including water deficiency, the time-consuming mapping of quantitative traits, such as yield and stress tolerance, is difficult because genotypes are never unambiguously inferred from the phenotype. Additionally, estimating WUE relies either on long-term measurements of plant-water consumption or assessments of biomass production; and these large-scale approaches are not feasible in individual plant screening efforts (Blum, 2009; Brito et al., 2011; Tuberosa et al., 2011) . As a complementary selection strategy, carbon isotope discrimination (∆) -an indirect indicator for WUE (Farquhar et al., 1989; Brito et al., 2011; Elazab et al., 2012 ) that correlates closely with water deficit tolerance (Centritto et al., 2009 ) -can be used as a phenomic facility for plant selection procedures under field condition, saving cost and time-consuming in expensive testing in cotton breeding programs. As it has been extensively established, the link between Δ and WUE is predicated on the concept that both are functionally dependent on intercellular CO 2 concentration (c i ) (Farquhar et al., 1989) . Additionally, it has been established that the extent to which C 3 plants discriminate against 13 C during carbon assimilation can determine their WUE. Thus, ∆ use could reduce the amount of time required by traditional approaches in cotton breeding programs, allowing of the selection of genotypes for high-performing yield components and water use efficiency in cotton plants growing under contrasting environments. Therefore, ∆ could help cotton breeders to rapidly identify these lines using an integrative plant response, which is a major bottleneck for field-plant phenotyping procedures.
The objective of this work was to evaluate the carbon isotope fractionation as a phenomic facility for cotton selection in contrasting environments and to assess its relationship with yield components.
Materials and Methods
The experiments were carried out in Santa Helena de Goiás (SHGO), GO at 300 kg ha -1 was band-applied adjacent to each row at planting. Cotton was side-dressed with 20-00-30 of N-P 2 O 5 -K 2 O plus 0.3% boron at 200 kg ha -1 at square initiation. Weed and insect control were performed according to cotton crop recommendations for the Brazilian savanna (Freire, 2011) .
To determine whether Δ could be used as a phenomic facility, in the conditions of this experiment, Δ analysis was performed on the bulk of 10 randomly chosen plants per plot. The first youngest fully expanded leaves were sampled at 95 days after sowing (at the boll development phase), with the two sites sampled at 23 days and 16 days after the occurrence of the last rainfall in SHGO and MONT, respectively. Subsequently, leaves were oven-dried and ground to a fine powder for analysis of carbon isotope composition (δ 13 C) and Δ, according to Farquhar et al., 1989 . For this purpose, δ 13 C analysis was carried out using a mass spectrometer (Delta-S Finnigan Mat, Bremen, Germany) at Instituto de Biociências, in the Universidade Estadual de São Paulo, Botucatu, SP, Brazil. The atmospheric isotopic composition was considered to be -8 ‰ in relation to the international standard, Pee Dee Belemnite (PDB). A second standard calibrated against a fossil belemnite from the Pee Dee formation was used for comparison. The Δ values were calculated according to Farquhar et al. (1989) , by the equation below, in δa refers to the atmospheric isotopic composition and δp refers to the plant isotopic composition:
At maturity, seed cotton yield, lint yield, fiber percentage, and boll weight were analyzed.
Homogeneity of variances was tested by Bartlett's test. Pearson's correlation coefficient analyses were estimated for all measured variables. Data were subjected to the analysis of variance, and means were grouped using the Scott-Knott grouping method, at 5% Monthly mean; Hist., historical mean (at least twenty-year averages for the two locations). SOM, soil organic matter; V, base saturation; CEC, cation exchange capacity. P* was extracted using Mehlich-1 solution; and pH was measured in water.
Pesq. agropec. bras., Brasília, v.49, n.9, p.673-682, set. 2014 DOI: 10.1590/S0100-204X2014000900003 probability (Scott & Knott, 1974) . Analyses were done using the SAS System ver. 9.1.3 (SAS Institute, Cary, NC, USA). Based on Δ performance of CNPA GO 2005 809 (GO 05 809) under field condition, this genotype was chosen for subsequent studies on its root growth kinetic and root system architecture. These traits were considered important for edaphoclimatic conditions prevailing in the Brazilian savannah biome, where distinct wet and dry seasons occur, concentrating 90% of the mean annual rainfall from November to February, associate to deeper soils and robustness of cotton root characteristics. Therefore, evaluating root growth kinetic and root architecture can to improve our understanding about the responses of GO 05 809 genotype as for Δ found under field conditions. For this purpose, in addition to the genotypes used as reference (BRS 269 and FMT 701), 'Guazuncho II' was included as a tolerant genotype check, and a greenhouse experiment was carried out at Embrapa experimental station, in Santo Antonio de Goiás, GO, Brazil, at day/night temperatures of 28±2/19±2ºC, using purpose-built root chambers. These chambers consisted of two glass plates 1.20 m high, 60 cm wide, and 4 mm thick, which were separated on three sides by a 1.2 cm thick aluminum spacer. The chambers were filled with 3,620 g black fine-textured soil, positioned at 27 o inclination, and covered with black fabric to avoid light on soil and roots. This experiment was carried out using a randomized complete block design with five replicates. Before sowing, the chambers were watered until saturation (field capacity), and three seeds per genotype were sowed in the center of each chamber and three days after emergence, seedlings were thinned to one plant. After emergence, 100 mL of half-strength Hoagland solution was applied twice a week to supply nutrients demand.
At 14, 21, 28, 35, and 42 days after emergence, the visible root system through clear glass was photographed on both sides of each chamber, with a digital camera of 12 megapixels resolution Sony Cyber Shot DSC-HX1, Optical Zoom 20X, (Sony Tokyo, Japan). The images were analyzed using the WinRHIZO Pro software (Regent Instruments, Quebec, QC, Canada), to determine root growth kinetic and root architecture across a series of variables, such as total root length, total surface area, total volume, and average diameter. At 42 days after emergence, plants were harvested, plant height was measured, and the leaf area was determined using a leaf area meter, model LI-COR 3100C (Biosciences, LI-COR Inc., Lincoln, NE, USA). Shoots were removed by cutting at the stem base; and shoot and root dry weights were determined, after drying at 65°C for 72 hours. Data were subjected to the analysis of variance, and means were subjected to Student's t test, at 5% probability, using the SAS System version 9.1.3 (SAS Institute, Cary, NC, USA).
Results and Discussion
In both locations, Δ was able to discriminate between cotton genotypes (p<0.0001 and 0.0157 for SHGO and MONT, respectively). Highest Δ, seed cotton yield (SCY), lint yield (LY), and boll weight means were obtained in the MONT site (Figures 1 and 2) , where the edaphoclimatic conditions were more suitable (lower mean night temperatures and higher rainfall accumulation) for cotton growth and development compared with those plants grown in SHGO site (Tables 1 and 2 ). For the experiment conducted in SHGO, where water deficiency was more severe during the reproductive phase, there was a significant and positive correlation between Δ and SCY (Table 3) .
The positive correlation between Δ and SCY strongly suggests the existence of genetic variation in root characteristics, such as greater and deeper root mass, which may help plants to maintain relatively higher water status levels, due to an increased capacity of absorbing moisture from this deep soil profile, even under dry conditions. This greater capacity to absorb moisture allows plant to maintain a greater stomatal conductance and a higher rate of CO 2 diffusion, increasing the rate of photosynthesis, growth, and, consequently, its yield stability when growing under unfavorable conditions. Although root traits and root growth kinetics have been measured only under controlled conditions (Figures 3 and 4) , the performance of GO 05 809 for some root parameters -such as total root length, total root volume, surface area, main root length, and root: shoot ratio -clearly indicates its contribution to stomatal conductance and, consequently, its effects on the highest Δ values found in MONT site. As it has been shown for wheat, water deficiency decreased stomatal conductance, plant accumulated transpiration, and aerial biomass accumulation, which resulted in an increase in carbon isotope composition (Elazab et al., 2012) . In the present work, the negative correlation found between Δ and fiber percentage in SHGO site indicates that there is an increase in sink power redirecting carbohydrates to seed formation, which is detrimental to fiber formation. In fact, immature seeds and developing fiber are components of cotton ovules and share concurrent and similar phases of their developmental events. By the coincidence of their proximity, fiber and seed formation are competing sinks fed through a common funiculus. During this phase, cellulose microfibrils are added to the wall of the fiber, while oils, proteins, and carbohydrates are deposited in the embryo (Kloth & Turley, 2010) . Transgenic cotton plants expressing increased indole-3-acetic acid levels in the ovule epidermis have increased numbers of lint fibers (Zhang et al., 2011) . According to these authors, because there was no difference in seed cotton yield between transgenic lines and the nontransgenic control, the greater lint yield is mainly due to the enhanced lint percentage.
In fact, it is necessary to consider that the advances of cotton productivity have been reached by increasing gas exchange performance in the last decades. To Figure 3 . Root attributes of selected cotton genotypes of Gossypium hirsutum (L.), related to their growth kinetic performance and root architecture variables. Means followed by the same letter in each location do not differ by at 5% probability. enhance productivity of cotton species G. hirsutum and G. barbadense, in the last 50 years, most breeding programs have focused on increases in the net rate of photosynthesis and tolerance to elevated temperatures by increasing stomatal conductance (Radin et al., 1994; Lu et al., 1998; Zhang et al., 2013) . However, from a global warm perspective (Trenberth et al., 2007; Cuadra et al., 2012; Marin et al., 2013; Bowman et al., 2013) , breeding programs should redirect their efforts to construct more suitable plants to face challenges in new climate scenarios. In this view, plant breeders and physiologists are concentrating their efforts in the construction of plants not only to survive under abiotic stresses but also to be stable and productive in these hard environments. Scientists should be able to define the best level of "orchestration" of plant morphophysiological mechanisms to improve WUE for plants growing in extreme climate events.
In MONT site, where the edaphoclimatic conditions are more suitable for cotton growth, it is clear the contribution of a root robust system and its fast growth on highest Δ values, as shown by GO 05 809 genotype (Figure 1 D) . Thus, our results support that Δ could be used as a phenomic facility to help breeders in the selection for root traits associated with fast growth and root robustness for plants grown under moderate water deficit as occurred in this site. Higher positive correlations found between wheat root traits and Δ values, only on plants grown under suitable environments, support this tendency (Elazab et al., 2012) . Additionally, the robustness of root traits shown by GO 05 809 was unable to supply water demand in SHGO site, where water deficit was extremely severe (rainfall accumulated was only 72 mm after first flower emission). In this site, other mechanisms such as cotton shoot architecture, leaf area and particularly stomatal conductance could be acting to support the higher WUE shown by this genotype, as it was indicated by its lowest Δ values (Figure 1 D) .
As discussed, it is crucial to define the breeding environment-target, since the route to yield-change expressed by crops is different for each geographical location and new growing season, reflecting new combinations and temporal dynamics in the biotic and abiotic environments (Cooper et al., 1997; Chenu et al., 2011) . Certainly, the DNA code may carry information that influences alternate plant responses to each new environment, but the way information is integrated throughout the growing season is critically determinant for crop yield at the physiological level and across the community of plants (Rebetzke et al., 2013) . In this sense, field physiological evaluations of the germplasm performance for abiotic stress, as well as water and heat constraints are challenging. Field environments are unpredictable and genotype by environment interactions are difficult to interpret, if the environment target is not well characterized. As a result, there are limited breeding program advances, since that is a challenging bottleneck for a good field screening to select for a specific trait. The use of physiological traits such as Δ could help the breeding programs in the characterization of target environments, considering the performance of a certain genotype according to its interaction in each environment. The wide Δ variation shown by GO 05 809 genotype in both sites strongly supports the above argument, allowing breeders to select a genotype for each target environment, considering plant versus environment interactions for a specific trait, such as better performance for water use efficiency showed by GO 05 809 in the hard location (SHGO) via that proxy. Under field conditions, measurements of root characteristics are not feasible at a large scale and use destructive methods, which limits their use in breeding programs (Ullah et al., 2008) . The adoption of indirect screening methods which use integrative variables, such as Δ, can make selection feasible at a large scale for cotton plants with high-performing yield components under water deficiency, or for cotton germplasm with more robust root systems. However, it is very important to consider that more selection studies relating crop performance to Δ also need to be performed using the progeny of crosses which are specifically constructed for this purpose. These studies should be performed in different environments, with different soil characteristics, considering that there are several critical areas of research which need to be addressed, if Δ potential as an indicator of that variation is to be effectively exploited.
Conclusions
1. Carbon isotope discrimination (Δ) is able to discriminate cotton genotypes in contrasting environments that represent cotton production areas in the Brazilian savannah.
2. Cotton breeders can use Δ values as a phenomic facility to help in the plant selection, in order to obtain plants with higher efficiency for gas exchange and water use under unfavorable conditions.
